Agricultural management should consider multiple services and stakeholders. Yet, 26 it remains unclear how to guarantee the provision of ecosystem services that 27 reaches stakeholders' demands, especially considering the observed biodiversity 28 decline and the current global change predictions that may affect food security. 29
INTRODUCTION

51
Natural ecosystems provide a wide range of benefits to people. The concept of 52 ecosystem services (Ehrlich and Ehrlich, 1981) was originally proposed to draw 53 attention to these benefits and raise awareness about the importance of 54 biodiversity and its conservation. More recently, the ecosystem service metaphor 55 has incorporated two additional elements. First, ecosystems provide multiple 56 services simultaneously to humans (provisioning, supporting, regulating and 57 cultural), a situation called multifunctionality (Manning et al., 2018) . This has led 58 to a growing consensus that landscape design and management should target a 59 range of functions (Wilson, 2007; Shellhorn et al., 2008; Birkhofer et al., 2015; 60 Landis, 2017) . Second, the ecosystem service concept is a complex construct that 61 comprises both supply (ecosystems) and demand (stakeholders) components 62 (Burkhard et al., 2012; Palacios-Agundez et al., 2015; Yahdjian et al., 2015) . 63
Human use of ecosystem services thus depends on the capacity of ecosystems to 64 supply these services as well as on the social demand for them. 65 66 Agricultural landscapes include a great variety of ecosystem services and 67 stakeholders, and they globally represent about 40% of the total terrestrial surface 68 of our planet (Foley et al., 2011) . As such, agricultural landscapes are among the 69 most interesting systems to analyze the balance between the supply and demand 70 of various ecosystem services. The particularity of most modern agricultural 71 landscapes is that the provision of a single service, i.e. crop production, is 72 intensified by means of land conversion, mechanical work and the use of 73 agrochemicals (pesticides, fertilizers). But this generates negative indirect effects, 74 4 as land use favors crop production at the cost of other services that in turn 75 influence crop production (Nelson et al., 2009; Allan et al., 2015; Sutter and 76 Albrecht, 2016). The need to incorporate various ecosystem services into 77 management decisions is thus essential, especially considering that agricultural 78 intensification is no longer enhancing the yields of many major crops worldwide 79 (Ray et al., 2012) , and the response of crops to the use of pesticides is saturating 80 (Gaba et al., 2016; Lechenet et al., 2017) . This has been acknowledged by the 81 2017 UN Sustainable Development Goals, which assert that the future of intensive 82 farming systems requires management strategies that achieve food security and 83 sustainable agriculture. 84
85
The supply and demand components of ecosystem services in agricultural systems 86 are multifaceted because of the multiple ecological processes involved on the 87 supply side and the multiple stakeholders that benefit from them on the demand 88 side. On the supply side, trade-offs between ecosystem services seem to be 89 Evaluating landscape performance when multiple interacting factors act 101 simultaneously is thus a challenge, especially considering questions such as which 102 combination of drivers is able to reconcile crop production and biodiversity 103 conservation. 104
105
Human demand is the other side of the ecosystem-service equation, and comprises 106 different agents or stakeholders. These stakeholders vary in both their demand for 107 and valuation of different ecosystems services, and have specific perspectives 108 about how to efficiently manage agricultural landscapes. For example, agricultural 109 unions or cooperatives often aim at maximizing crop production at the regional 110 level, i.e. landscape production, for food security purposes. Farmers, on the other 111 hand, may have different perceptions of ecosystem services (Teixeira et al., 2018) ; 112 yet, they are mainly interested in maximizing crop yield per area of their cultivated 113 land as this is mostly related to their profitability. Conservationists (NGO's, 114 wildlife-friendly organizations) defend that the preservation of the remaining 115 biodiversity within the agricultural landscape should be one main goal of 116 agricultural policies. The existence of ecosystem service trade-offs on the supply 117 side implies that any stakeholder's demand does not necessarily maximize 118 multifunctionality of agricultural landscapes, because each stakeholder may 119 prioritize one ecosystem service or set of services over others. Considering various 120 stakeholders is thus required to identify potential trade-offs and balance multiple, Here, we use a model of biodiversity and crop production in intensively-managed 125 agricultural landscapes to derive landscape management solutions for different 126 stakeholders' demands. We analyze three main groups of stakeholders -127 individual farmers, agricultural unions and conservationistsand identify three 128 ecosystem services they value mostcrop yield per unit of agricultural area, crop 129 production at the landscape scale, and biodiversity, respectively. Using 130 information given by ecosystem service trade-offs, we determine the best 131 landscape composition, defined as the fraction of semi-natural habitat within the 132 agricultural landscape, that corresponds to each stakeholder's demand, and how 133 this affects the provision of the other ecosystem services. We also define 134 conditions under which stakeholder demands are compatible or not, e.g. when 135 food production and biodiversity conservation are positively correlated. Global ecosystem services due to stochasticity is key to assess both ecosystem service 142 supply and demand components. We investigate how changes in stochasticity 143 (expected under global change predictions) and the degree of pollination 144 dependence of crops may affect the best landscape composition for each 145 stakeholder. Specifically, our work has three objectives: (i) to determine the best 146 landscape compositions that correspond to different stakeholders' demands, (ii) to 147 investigate the effects of a given stakeholder's demand on other ecosystem 148 services, and (iii) to establish the best landscape composition for ecosystem 7 multifunctionality, i.e. a social average scenario that targets the highest provision 150 of the three ecosystem services beyond any single stakeholder's demand. Finally, 151 we confront the model outputs with current policies and discuss their efficiency 152 to promote multifunctional agricultural landscapes. Our approach is unique in its 153 attempt to achieve some balance and/or maximize the provision of ecosystem 154 services and stakeholder demands for different crop types (pollination dependence 155 of crops) and environmental and demographic stochasticity scenarios. crop production at the landscape scale (landscape production) and biodiversity 206 (scenarios 1-3). We use this example as a case study to determine the best 207 landscape compositions for each different stakeholder' demands and how they 208 affect the magnitude of the various ecosystems services. Best landscape 209 composition is defined as the range of fraction of semi-natural habitat within 210 which the targeted level of a given ecosystem service is achieved. Additionally, 211
we define a fourth scenario where no single ecosystem service is prioritized; this 212 scenario targets the highest possible provision of the three ecosystem services 213 described above, i.e. multifunctionality (scenario 4), and it can be viewed as a 214 social average scenario beyond the specific demands of the individual 215 stakeholders. The social average scenario follows the idea that a 'challenge for the 216 future is to design landscapes that are beneficial for a range of functions' 217 (Shellhorn et al., 2008) . 218 219 Stakeholders may demand a minimum amount of ecosystem service provision, 220 e.g. protecting ≥75% of biodiversity or producing ≥80% of crop biomass. This is 221
accounted for in our model by incorporating function thresholds. A function 222 threshold is defined as the relative amount of an ecosystem service demanded by 223 each stakeholder, i.e. how much of the maximum possible value of that ecosystem 224 service (given by model simulations) a given stakeholder is willing to accept. The 225 best landscape compositions within the agricultural landscape are likely to change 226 if stakeholders assume higher or lower thresholds of their demanded ecosystem 227 service; thus, considering function thresholds is useful for identifying potential 228 trade-offs and for balancing various demands for services. 229 230
Analytical protocol 231
We follow a four-step process summarized in Figure 1 . First, for each fraction of 232 semi-natural habitat, we run model simulations to obtain the frequency 233 distribution for each ecosystem service after 1000 time steps (landscape 234 production is used as an example, Fig. 1A ). This is performed for the whole range 235 of semi-natural habitat (0-100%) to obtain the frequency distribution of landscape 236 production as a function of semi-natural habitat (Fig. 1B) . The strength of this 237 approach lies in its ability to explore the full probability distribution of ecosystem 238 service values as well as the possibility of setting thresholds values for services 239 (see Carnus et al., 2014 , for the justification of this approach). Absolute thresholds 240 for ecosystem services are generally lacking, so we look at the best landscape 241 compositions that provide a given proportion of the maximum ecosystem service 242 value along the range of semi-natural habitat (Appendix B provides an alternative 243 application of the approach using absolute ecosystem service values). Using the 244 median values of the frequency distributions, we calculate the best landscape 245 composition where median landscape production is above a certain % of its 246 maximum value, i.e. function threshold. This is performed for all levels of crop 247 pollination dependence (i.e. for a wide range of crop types) to show the best 248 landscape composition as a function of crop pollination dependence (Fig. 1C ). We 249 use median values because they are the most frequent values; besides, median 250 values are robust to non-Gaussian distributions, which are increasingly typical 251 when stochasticity is high. Using any other quantile yields qualitatively similar 252 results (Appendix B). 253 254 Next, we address the effects of each stakeholder's demand on the other ecosystem 255 services. For each stakeholder (scenarios 1-3), we set the function threshold of the 256 ecosystem service they demand to 95%, i.e. agricultural unions demand ≥95% of 257 landscape production. The demand established by the function threshold is 258 satisfied within a certain range of semi-natural habitat ( Fig. 1D ), which is used to 259 determine the corresponding provision of the other ecosystem services (Fig. 1D) . 260
For the social average scenario (scenario 4), we apply a maximin approach, a 261 common method of performing multi-objective optimization (Solteiro Pires et Our results suggest that a reduction in the amount of an ecosystem service that 458 stakeholders are willing to accept (i.e. function thresholds) is a necessary 459 condition to reconcile various stakeholders' demands ( Figs 2D, S3 ). This is 460 because lower function thresholds expand the range of semi-natural habitat, 461 increasing the overlap in the best landscape composition for different 462 stakeholders. Indeed, this idea underpins the social average scenario, which 463 suggests that overall performance of agricultural landscapes can be improved by 464 combining multiple demands for ecosystem services, as opposed to a traditional 465 focus constrained by provisioning services, mainly total landscape production 466 (Lovell and Johnston, 2009; Jordan and Warner, 2010) . Our results suggest that 467 prioritizing multifunctional landscapes achieves relatively high levels of the three 468 ecosystem services analysed and satisfies stakeholders' demands for intermediate 469 amounts of semi-natural habitat. Further, the social average scenario is more 470 robust to changes in crop type and stochasticity (Figures 3, 4 , S1). Therefore, 471 management of agricultural systems for multifunctionality may better align with 472 the increasing consensus supporting the need for agricultural landscapes to 473 20 simultaneously provide ecosystem services that guarantee food security, 474 livelihood opportunities, and biodiversity conservation (i.e. ecosystem service 475 multifunctionality, Manning et al., 2018) . 476 477 Our findings suggest that, unless the amount of an ecosystem service that 478 stakeholders are willing to accept is reduced, the proportion of semi-natural 479 habitat that conservation policies aim to protect lies below the best landscape 480 composition in intensively-managed agricultural systems, especially for high 481 levels of crop pollination dependence. The EU Green Policy succeeds in achieving 482 high levels of landscape production (agricultural unions' demand) of crops that do 483 not depend much on animal pollination, although this leads to low biodiversity 484 levels (Figs 4, S1, S3 ). Similar conclusions can be drawn for the Aichi 485 Biodiversity Targets and the Brazilian Forest Code, although they target higher 486 fractions of semi-natural habitat (17% and 20%, respectively). Therefore, the 487 regional and global-scale policies analyzed here satisfy agricultural unions' 488 demands in one scenario only, that is, when crops depend little (or not at all) on 489 animal pollination, although it leads to low biodiversity levels. By and large, 490
preserving 5-20% of semi-natural habitat lies below the best landscape 491 composition for biodiversity and crop production in intensively-managed 492 agricultural systems for any other combination of stakeholders' demands 493 considered here, crop type, or stochasticity. Such policies also fail to meet the 494 social average scenario. Under the current trends of increasing pollinator-495 dependence of agriculture and global change, such targets seem too low to either 496 meet stakeholders' demands or achieve adequate, sustainable levels of 497 multifunctionality in agricultural systems (social average scenario). 498 21 499
Our approach has several limitations. For example, our results refer to intensively-500 managed agricultural systems, where crop land does not harbor important 501 biodiversity levels; in non-intensive agricultural systems, however, the best 502 landscape compositions may not be necessarily similar (Clough et al., 2011) . Also, 503
we have used landscape composition as our key variable, but other metrics to 504 compare management scenarios exist (e.g. agrochemical inputs), and can be used 505 complementarily. Besides, our model does not consider the effects of the spatial 506 configuration of semi-natural habitat on the best landscape composition, which is 507 expected to determine ecosystem service flows between crop land and fragments 508 of semi-natural habitat (Garibaldi et al., 2011b; Mitchell et al., 2015) . Honeybee 509 colonies are frequently used to substitute wild pollinator communities, and our 510 results would be affected if we consider managed honeybees as they do not depend 511 on the availability of semi-natural habitat. However, we purposely did not take 512 managed honeybees into account because it has been argued that the pollination 513 services of wild pollinators cannot be compensated by managed bees due to the 514 fact that pollinator-dependent crop land grows more rapidly than the stock of 515 honeybee colonies (Aizen et al., 2009), wild insects usually pollinate crops more 516 efficiently than honeybees (Garibaldi et al., 2013) , and honeybees may depress 517 wild pollinator densities (Lindström et al., 2016) . Finally, we have illustrated our 518 approach using three ecosystem services and three groups of stakeholders as case 519 studies; however, agricultural landscapes include a greater variety of ecosystem 520 services (water quality, pest control, flood mitigation, as well as recreational and 521 aesthetic services) and stakeholders whose demands may partially overlap (e.g. 522 farmers may not only favor crop yield per area, but also a minimum amount of 523 22 crop land). Despite these limitations, our approach is very useful to study how 524 biodiversity and crop production, and the stakeholder demands associated to them, 525 respond to crop type (degree of pollination dependence), environmental and 526 demographic stochasticity, and functional thresholds, based on landscape 527 composition. 528 ecosystem services related to biodiversity and crop production, and three groups 533 of stakeholders, shows that the best landscape composition differs among 534 stakeholders, and that current policies should start to consider factors such as crop 535 type, stochasticity, and the amount of an ecosystem service that stakeholders are 536 willing to accept, as they can strongly influence these best landscape compositions 537 for different stakeholders. Management for social average, or multifunctionality 538 scenario, may be a better option for food security, livelihood opportunities, and 539 biodiversity conservation, thus meeting various stakeholders' demands. 540
Worldwide trends in agriculture (more pollinator-dependent over time) and global 541 change (associated with the strength of environmental and demographic 542 stochasticity) calls for innovative, integrative perspectives in agricultural 543 management that consider a variety of stakeholders and ecosystem services. 544 545 546 547 548 Figure 1. Analytical protocol. We followed a 4-step procedure to estimate the best landscape compositions for each stakeholder's 1 demand and its consequences on the provision of other ecosystem services. For illustrative purposes, we assume the agricultural 2 unions' perspective (prioritizes total landscape production). For each fraction of semi-natural habitat, we run model simulations for 3 1000 time steps (1A), which are used to obtain the frequency distribution of landscape production. Once performed for the whole 4 gradient of semi-natural habitat, the distribution of landscape production as a function of semi-natural habitat is obtained (1B). This 5 approach enables to explore the full probability distribution of ecosystem service values as well as the possibility of setting thresholds 6 values for services (Carnus et al., 2014) . Absolute thresholds for ecosystem services are generally lacking, so we investigate the best 7 landscape compositions that provide ≥95% of landscape production along the range of semi-natural habitat (see Appendix B for an 8 alternative application based on absolute values of ecosystem services). Using the median values of landscape production (blue line), 9
we calculate the best landscape composition (range of % of semi-natural habitat) where median crop yield is above a certain % of its 10 maximum value, i.e. function threshold (here, 95%, 90%, 75% and 50% function thresholds are shown). A, B, C) show the range of semi-natural habitat (delimited by dashed vertical lines) that achieves ≥95% of the stakeholder or ecosystem service prioritized (highlighted in bold in the right-hand side of each plot). The shadow area in (A-C) represent the % of provision of the other two ecosystem services that corresponds to that range of semi-natural habitat. (D) The social average scenario is calculated using the maximin approach, a common method for multi-objective optimization. This method selects the best landscape composition that maximizes, within the set of three ecosystem services, the provision of the least provisioned one. In this example, the social average scenario (SA) achieves a 79% of all ecosystem services at 39% of semi-natural habitat (red dot). Figs A-D are calculated for 50% of crop pollination dependence and median values of environmental and demographic stochasticity. 
